Gabor functions, which localize information in both the spatial and the frequency domains, are used as filters for the inspection of common local defects in textile webs. A variety of defects are analysed in diferent fabrics and in every case the flaws are finally segmented from the background.
INTRODUCTION
The interest in reliable, automated systems for visual inspection of industrial materials such textile webs, paper and wood have required the development of image processing techniques based on texture analysis. The surfaces of such materials have complex patterns which appear visually regular on a general scale. In a local analysis, however, the texture components may vary in their intensity distribution, pattern size and pattern shape. These local variations make the inspection difficult.
Different approaches based on feature extraction in the spatial domain have been proposed for flaw detection, defect classification and texture segmentation. Brzakovic et al.1 employ various parameters and threshold values, and follow a fuzzy pyramid linking method for flaw detection. Tsai et al.2 use a gray level co-occurrence matrix3 to extract six feature parameters which consist of contrast measurements. Zhang and Bresee4 consider statistical and morphological methods to fabric defect detection and characterization.
Fourier domain based techniques are particularly suitable for materials that exhibit a high degree of periodicity (e.g. most of textile webs). The angular and radial analysis of the Fourier transform of a web image provide valuable information for characterizing carpet patterns5 and common fabrics6. Other related operations such as autocorrelation of a web image have been proposed in ref. 5 and used in ref. 6 to explore the yarn spacing in the weft and warp directions. Ciamberlini et al.7 describe an optical method using Fourier transform and spatial filtering to reveal defects in textile materials in real time. Recently, some of the authors have proposed a function --the Fourier domain based angular correlation --for pattern recognition of quasiperiodic textures8. It has been applied to web inspection for pattern identification and classification. It has also been used for detection and characterization of some defects like shrinking and abrasion.
When defects cause a global distortion of the basic structure of the material (e.g. shrinking) Fourier analysis proves to be a suitable tool for defect detection and characterization. However, when defects are local phenomena, the Fourier analysis does not provide enough information. Methods that can localize in the spatial as well as the frecuency domain appear to be necessary for the inspection of local defects. The wavelet transforms, used as multiresolution spectral filters, provide both frequency and spatial information about an image. Jasper and Potlapalli9 use Daubechies wavelets1° to detect mispicks in woven fabrics and obtain more precision and time savings than other methods such as the Sobel edge operator and the Fourier analysis.
In this paper, we apply Gabor filters" to the inspection of local defects in textile webs. A Gabor filter consists of a sinusoid of some frequency and orientation modulated by a Gaussian function. A good reason for the use of Gabor filters is their relationship to current models of early vision of mammals as well as their optimal localization in space and frequency domains with respect to the uncertainty principle'2. In fact, the human eye is the most efficient and robust texture analyzer. Diverse authors have proposed different approaches based on Gabor filters for texture segmentation'3'7 and for object detection '8. It is usual to find texture analysis applications to the segmentation of test images, where one or several textures correspond to textile web images (for instance, refs. 5, 16). But the segmented textile webs often are uniform pieces of material with quite different characteristics. In this paper, however, we aim to segment defective zones and detect local flaws in single textile webs. Sometimes, this problem will lead us to segment regions which show smooth transitions or gradients rather than sharp edges. Our starting point for building the Gabor filters is the Gabor image representation stated by Navarro and Tabernero19 , which uses an octave frequency band decomposition and a computationally efficient pyramid implementation (Section 2). This representation is based on a human vision model and has already been used for texture segmentation17. In Section 3 we will adapt this model to the proposed application to web inspection. The structural characteristics of webs, made from regularly woven horizontal and vertical yarns, must be taken into account to define the features of our scheme, so that we should be able to detect defects by using only a few filters. Highly satisfactory results are obtained for a variety of typified flaws in textile webs (Section 4). After a discussion of the results, conclusions are presented in Section 5.
BACKGROUND
A Gabor function is a complex exponential modulated by a Gaussian function. The analytical form of a 2D-Gabor
( 1) ta)
The Gaussian envelope is centered at the point (x1, y1) with the parameters (, a) that define the Gaussian spread around (x, y1). The complex exponential has a frequency f and an orientation 9. Since g(x,y) is a complex function in the image domain, it can be written in the form
where g and g0 represent the real (even) and the imaginary (odd) parts, respectively, 164/SP!E Vol. 2785
Note that g and g0 are the same function but for a phase shift of it/2.
Gabor filters, defined like (3abor functions, can be applied to an image in either the spatial or the frequency domains.
Since the Fourier transform of a Gaussian is another Gaussian, the Gabor filter is implementable as a linear filter in the frequency domain. Besides, Gabor functions are real in the Fourier space and hence can be easily implemented optically.
However, an appropiate filter design, with small masks for their convolution with the image, also allows an easy implementation of Gabor filters in the spatial domain. Our choice in this paper will be to perform the Gabor filtering by convolution masks in the spatial domain.
To analyse textures images we follow the image representation scheme based on Gabor functions stated in ref. I 9 which tries to simulate the receptive fields of the human visual system. This image representation establishes a logaritmic and polar sampling of the frequency domain, and a Nyquist sampling of the space domain for each frequency channel. The model considers Gaussian envelopes with circular symmetry ( = = ) and a spatial bandwidth proportional to the frequency = 0,7 1 f, which yields a constant, one octave bandwidth in the fequency domain. The resulting set consists of four orientation channels (0 = O, 450 900, 135°) and four frequency channels (and a low-pass residual) (Fig. 2) . The peak frequencies f of the four channels are: fmax Nyquist'2' for the maximum frequency channel, and then, halving for the next lower octave channel, that is, f = fm2 with n = 0, 1 , 2, 3.
This image representation allows a pyramid implementation with self-similar Gabor wavelets: all the wavelets are obtained by translating, rotating or scaling one of them. In fact, instead of scaling the wavelet it is preferable to undersample the original image in the factor 2" corresponding to the frequency channel. 
GABOR FILTERS FOR WEB DEFECT DETECTION
The Gabor filters we use to inspect a textile web correspond to the (3abor channel set described in Section 2. We use the basic even and odd Gabor filter masks given by the 9x9 sized arrays:
10 We consider the maximum frequency f, = 1/4 cycle/pixel. For a textile web image, it entails that a woven yarn is digitized into 4 pixels in average. If the yarns in the weft and warp directions are of different thickness, the image acquisition system must be adjusted to fit the thinnest yarn to 4 pixels. In our experiments we have made this adjustment manually. With the channels of maximum frequency we expect to detect few defects whose size are approximately of one yarn. In a fabric, yarns are woven so that different structures can appear at different resolution levels. Local defects often alter the structures of the zone. Thus, most local defects are expected to be found by using filters of lower frequencies. The greater the extent of the defect, the lower the frequency of the filter needed to detect it. For a given sort of defect ina given fabric we accomplish the multiscale analysis with the set of Gabor filters and then, we select the filter (frequency and orientation) which gives the best results.
Although most fabrics are composed by horizontal and vertical yams, it does not mean that the structures of the fabric always has these directions. For instance, twill fabric has a structure with characteristic oblique bands. The orientation 0 of the filter which gives best results is related to the orientation of the main structure of the web. If we search for a particular flaw, with a specific orientation (e.g. slubs, mispicks, thick threads, ladders), this orientation must also be related to the orientation of the filter. With such considerations we aim to select a reduced number of Gabor filters, adapted to the characteristics of the fabric and the expected defects, in order to perform an efficient inspection. The filtered image we consider is the square modulus of the complex distribution obtained after applying the Gabor filter of Eq. (2).
The process is completed with a binarization of the filtered image so that the defect appears segmented from the background. When the defective area occupies a significant part of the image, the histogram of the filtered image is usually bimodal. Therefore, the gray level corresponding to the deepest point of the valley between the two modes is taken as a theshold value for the binarization. When the defect has a small size it usually appears bright in the filtered image. The threshold value is not critical in this case.
DETECTION OF COMMON DEFECTS
We have applied the method described previously to a variety of fabrics with different structures (plain, twill, knitted) and with yarns of different colours affected by common local defects. In this section we present the results we have obtained for defective samples of shepherd's-check and twill fabrics. We have selected several samples composed of yarns of different colours because it is quite unusual to find applications of defect detection algorithms to fabrics of such characteristics. We present our best results obtained using one or two Gabor filters per case, but sometimes other filters of different frequency and orientation provide good results as well. The textile images we have analyzed are 256x256 pixels size except for the case of shepherd's-check fabric (Fig. 3 ) which has been captured in 5 12x5 12 pixels. Figure 3 shows the process of flaw detection in a shepherd's-check fabric (composed of black and white yarns) affected by thick threads. We have captured this image with 5 12x512 pixels because the defects are quite big so that only the filters of the lowest frequency f = 1132 can detect them giving a final filtered image of 64x64 pixels. Besides, the field covered in figure 3 includes diverse defects of the same sort but with different orientations and colour. Figure 3b was obtained after applying the Gabor filter with f = 1/32, 0 = 00, and binarizing with a threshold 50/256. This Gabor filter allows us to detect flaws with predominant vertical orientations. Figure 3c shows the binarized filtered image obtained with the Gabor filter of the same frequency but with the orientation 9= 90°. This filter allows us to localize defects with a predominant horizontal orientation, some of which almost escape notice in the original image. Note that the defects that affect either black yarns (upper right cormer of Fig. 3a ) or white yarns (for example, in bottom left corner of Fig. 3a ) are equally detected (Fig. 3c) . Figures 4, 5 and 6 shows the results obtained for twill fabrics with flaws produced by broken thread (Fig. 4a) , down heddle ( Fig. 5a ) and bending thread (Fig. 6a) , respectively. The Gabor filter used in all of these cases has a frequency f = 1/8 and an orientation 9 = 45°due to the oriented structure of the web. The case of a superposed thread defect is presented in figure 7 . The size of the defect allows the use of a Gabor filter with an intermediate low frequency f=1/16. The orientation of the selected filter is e= 450 again. The filtered image of figure 7b was binarized (neglecting the borders of the field) using a threshold of 501256 (Fig. 7c) . A densely woven band is the defect corresponding to figure 8a. The appearance of the fabric changes its orientation in this band and it can be detected by using the Gabor filter of f= 1/8 and 0 135°. The filtered image (Fig. 8b) bimodal histogram (Fig. 8c) . The threshold value is the minimum between the two modes. The binarized image (Fig. 8d) shows the defective area. This case is an example where the defective area does not have well defined edges but shows a smooth transition or gradient with the correct web.
In Figure 9a a piece of white twill fabric shows a break of multiple threads. The flaw can be detected using two Gabor 
CONCLUSIONS
We have applied Gabor filters to the inspection of local defects in textile webs. The design of the Gabor filter set was based on an image representation model which tries to simulate the receptive fields of the human visual system. The frequency and the orientation of the filters were chosen taking into account the structural characteristics of the inspected fabric and the sort of defects to detect. The results we have obtained, a few of which have been presented here, show the suitability of the Gabor filters for the inspection of local defects in fabrics. A variety of common typified flaws have been analysed and, in every case we have obtained a final binarized filtered image where the defects appear localized. Even when the flaws affect yarns of different colours in a single fabric they have been detected. 6 . AKNOWLEDGEMENTS
